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*B~0~*

:   *main magnetic field*

*B~1~^+^*

:   *transmit field*

CR

:   coefficient of repeatability/reproducibility

CSDE

:   chemical shift displacement error

CV

:   coefficient of variation

MC

:   metabolite cycling/cycled

NAFLD

:   non‐alcoholic fatty liver disease

ROI

:   region of interest

SD

:   standard deviation

SNR

:   signal‐to‐noise ratio

STEAM

:   stimulated echo acquisition mode

tCho

:   total choline

UHF

:   ultra‐high field

UI

:   unsaturation index

VAPOR

:   variable pulse powers and optimized relaxation delays.

1. INTRODUCTION {#nbm4343-sec-0005}
===============

Hepatic steatosis is a hallmark of non‐alcoholic fatty liver disease (NAFLD), the most common liver disorder in the Western world, which can evolve into non‐alcoholic steatohepatitis, liver cirrhosis, and hepatocellular carcinoma.[^1^](#nbm4343-bib-0001){ref-type="ref"}, [^2^](#nbm4343-bib-0002){ref-type="ref"} In addition to the highly elevated amounts of lipid in the liver, NAFLD is also associated with marked changes in liver lipid composition. In obese patients with NAFLD, hepatic saturated fatty acids are significantly increased at the expense of polyunsaturated fatty acids.[^3^](#nbm4343-bib-0003){ref-type="ref"}, [^4^](#nbm4343-bib-0004){ref-type="ref"}, [^5^](#nbm4343-bib-0005){ref-type="ref"}

Localized ^1^H MRS has proven to be a reliable tool for the in vivo quantification of lipid content in the liver, showing strong correlations with liver biopsy results.[^6^](#nbm4343-bib-0006){ref-type="ref"}, [^7^](#nbm4343-bib-0007){ref-type="ref"}, [^8^](#nbm4343-bib-0008){ref-type="ref"}, [^9^](#nbm4343-bib-0009){ref-type="ref"}, [^10^](#nbm4343-bib-0010){ref-type="ref"} In addition, ^1^H MRS has been applied as a non‐invasive method for the analysis of liver lipid composition based on the olefinic, diallylic and allylic lipid proton signals.[^6^](#nbm4343-bib-0006){ref-type="ref"}, [^7^](#nbm4343-bib-0007){ref-type="ref"}, [^11^](#nbm4343-bib-0011){ref-type="ref"} Using these ^1^H MR signals, Johnson et al[^7^](#nbm4343-bib-0007){ref-type="ref"} showed that the relative hepatic lipid saturation increases and polyunsaturation decreases with obesity. However, at common clinical magnetic field strengths (1.5‐3.0 T), the spectral resolution of liver ^1^H MR spectra is limited, hampering accurate determination of lipid composition.

Ultra‐high field (UHF; main magnetic field (*B* ~0~) ≥ 7.0 T) MRS provides increased spectral resolution, which should improve the reliability of the assessment of liver lipid composition. However, UHF‐MRS in the liver is challenging because of large *B* ~0~ and transmit field (*B* ~1~ ^+^) inhomogeneities. UHF‐MRI systems are not equipped with a ^1^H body transmit coil and hence local transmit coils have to be used. Gajdošík et al have recently shown the application of ultrashort‐*T* ~E~ stimulated echo acquisition mode (STEAM) MRS for the quantification of liver lipid content and composition at 7 T using a surface coil for transmit and receive, which is associated with large *B* ~1~ inhomogeneities and limited penetration depth.[^12^](#nbm4343-bib-0012){ref-type="ref"} Recent advances in RF transmit coil array design have shown the beneficial use of fractionated dipole antennas for body imaging at UHF, providing increased transmit efficiency and homogeneity within the specific absorption rate limits.[^13^](#nbm4343-bib-0013){ref-type="ref"} Moreover, it was shown that combining dipole antennas with loop coils in receive arrays enhances the signal‐to‐noise ratio (SNR) compared with receiving with dipoles or loops only.[^14^](#nbm4343-bib-0014){ref-type="ref"} A setup consisting of fractionated dipole antennas combined with additional receive‐only loops is therefore expected to be beneficial for liver MRS at 7 T, allowing measurements at various locations in the liver (eg anterior, lateral or posterior locations), including also less superficial parts.

An additional challenge for liver MRS is that respiratory and other physiologic and subject motion induces phase and frequency shifts, which leads to incoherent averaging and hence to suboptimal results. Metabolite cycling (MC)[^15^](#nbm4343-bib-0015){ref-type="ref"}, [^16^](#nbm4343-bib-0016){ref-type="ref"}, [^17^](#nbm4343-bib-0017){ref-type="ref"} has been proven beneficial, especially for small voxel volumes that are influenced by motion.[^18^](#nbm4343-bib-0018){ref-type="ref"}, [^19^](#nbm4343-bib-0019){ref-type="ref"}, [^20^](#nbm4343-bib-0020){ref-type="ref"} MC makes use of an inversion pulse[^21^](#nbm4343-bib-0021){ref-type="ref"} to alternately invert the signal of the metabolites upfield or downfield of water, while leaving the water magnetization untouched. The advantage of the latter is that the unsuppressed water signal can be used for phase and frequency correction of the individual acquisitions, which is more accurate than using the low‐SNR metabolite signals in water‐suppressed spectra. Subtraction of the upfield and downfield inverted spectra effectively cancels the water signal and, importantly, the gradient induced modulation sidebands, leaving a clean metabolite spectrum from which also low‐concentration metabolites can be reliably quantified. The sum of the upfield and downfield inverted spectra, on the other hand, provides a water spectrum, which can be used as an internal reference for quantification. These benefits of MC in combination with the application of parallel transmission technology and advanced RF coils enable the acquisition of high‐quality UHF ^1^H MRS data in the liver with a greater flexibility for positioning the volume of interest.

Here we show the application of MC for liver ^1^H MRS on a 7 T parallel transmit system, using eight transmit‐receive fractionated dipole antennas with 16 additional, integrated receive loops. Because of the short *T* ~2~ relaxation times in the liver at 7 T,[^12^](#nbm4343-bib-0012){ref-type="ref"}, [^22^](#nbm4343-bib-0022){ref-type="ref"} localization was performed with a short‐*T* ~E~ STEAM sequence. The performance of MC‐STEAM was compared with STEAM measurements with conventional water suppression using variable pulse powers and optimized relaxation delays (VAPOR)[^23^](#nbm4343-bib-0023){ref-type="ref"} in healthy, lean volunteers. In addition, the effect of synchronized breathing was investigated in comparison with free breathing acquisitions, and intra‐session repeatability and inter‐session reproducibility of liver lipid content as determined by the different acquisition methods were determined.

2. METHODS {#nbm4343-sec-0006}
==========

Data were acquired in a phantom containing a lipid emulsion (0.1 vol.% Intralipid™ soybean oil emulsion in water with 90 mM NaCl and 0.12 mM MnCl~2~) and in the liver of six healthy, lean volunteers (age, 27‐47 years; body mass index, 21.6‐23.9 kg/m^2^; three male, three female; Table [1](#nbm4343-tbl-0001){ref-type="table"}). The study was approved by the local medical ethics committee and all subjects signed informed consent prior to inclusion. Each subject was scanned twice on two separate days, approximately one week apart. Conditions such as nutrition and physical activity were not standardized.

###### 

Subjects\' characteristics

  Subject   Sex      Age (years)   BMI (kg/m^2^)
  --------- -------- ------------- ---------------
  1         male     37            23.0
  2         male     27            23.0
  3         male     44            21.6
  4         female   36            22.3
  5         female   28            23.9
  6         female   47            23.3

BMI: body mass index.

2.1. Data acquisition {#nbm4343-sec-0007}
---------------------

All measurements were made on a 7 T Philips Achieva multi‐transmit system (Philips Healthcare, Best, The Netherlands) with a maximal gradient amplitude of 40 mT/m at a slew rate of 200 T/m/s, using eight parallel transmit channels driven by 8 × 2 kW peak power amplifiers. Each transmit channel was connected to a transmit‐receive fractionated dipole antenna[^13^](#nbm4343-bib-0013){ref-type="ref"} with two additional integrated receive‐only loops (MR Coils, Zaltbommel, The Netherlands), resulting in an eight‐channel transmit/24‐channel receive setup.[^14^](#nbm4343-bib-0014){ref-type="ref"} The 16 receive‐only loops were interfaced to a 16‐channel receiver box.

First, *T* ~1~ weighted gradient echo localizer images were acquired. Then, low‐flip‐angle gradient echo images (2D multi‐slice acquisition, *T* ~E~ = 1.68 ms, *T* ~R~ = 30 ms, FOV = 350 × 457 × 30 mm^3^, in‐plane resolution = 3.9 × 3.8 mm^2^, slice thickness = 10 mm, flip angle = 3.5°) were acquired in three slices in the liver for every transmit channel, which were used for RF phase shimming.[^24^](#nbm4343-bib-0024){ref-type="ref"} Optimum phase settings to obtain maximum signal intensity in a region of interest (ROI) in the right lobe of the liver (averaged over three slices) were calculated with a numerical minimization in MATLAB (MathWorks, Natick, Massachusetts). Amplitudes of the channels were all set equal. For both the phantom and the in vivo measurements, RF phase shimming resulted in a *B* ~1~ ^+^ of 16‐19 μT in the ROI, which was quantified from a *B* ~1~ map measured using the actual flip angle imaging method[^25^](#nbm4343-bib-0025){ref-type="ref"} (3D gradient echo, *T* ~E~ = 2.3 ms, *T* ~R~ = 50 and 250 ms, FOV = 280 × 420 × 30 mm^3^, resolution = 3.9 × 3.8 × 10 mm^3^, flip angle = 55°). A 3D *B* ~0~ map (3D gradient echo, *T* ~E~ = 1.49 ms, Δ*T* ~E~ = 1.0 ms, *T* ~R~ = 10 ms, FOV = 280 × 402 × 78 mm^3^, resolution = 4.4 × 6.0 × 6.0 mm^3^, flip angle = 5°) was acquired during a breath hold in the exhaled state (acquisition time = 16.3 s) for *B* ~0~ shimming. Linear and second order shim settings were optimized over the ROI in the right lobe of the liver, while a region of less interest covering the whole liver was also considered during the calculation, albeit with a lower weight,[^26^](#nbm4343-bib-0026){ref-type="ref"} using the MR Code software (MR Code, Zaltbommel, The Netherlands). A Dixon[^27^](#nbm4343-bib-0027){ref-type="ref"} scan (2D multi‐slice gradient echo, *T* ~E~ = 2.6 ms, Δ*T* ~E~ = 0.5 ms, *T* ~R~ = 10 ms, FOV = 282 × 360 × 80 mm^3^, in‐plane resolution = 1.3 × 1.3 mm^2^, slice thickness = 4 mm, 20 slices, flip angle = 15°) was performed after RF phase and *B* ~0~ shimming, which was used for planning of the MRS voxel.

STEAM spectra were acquired in a 15 × 15 × 20 mm^3^ voxel positioned in the right lobe of the liver, in the same region where *B* ~1~ and *B* ~0~ fields were optimized. Major vessels and biliary structures (more concentrated in the deeper lying regions of the liver) and edges of the liver were avoided, while taking care that voxels for both the water and lipid methylene frequencies were surrounded by homogeneous liver tissue. Spectra were acquired with water suppression using VAPOR (100 Hz bandwidth for the phantom and 200 Hz bandwidth for the in vivo liver measurements), including a water reference scan, and without water suppression using MC. For the latter, the STEAM sequence was modified to include an asymmetric adiabatic MC inversion pulse[^21^](#nbm4343-bib-0021){ref-type="ref"} in the mixing period[^15^](#nbm4343-bib-0015){ref-type="ref"}, [^19^](#nbm4343-bib-0019){ref-type="ref"} (MC pulse duration = 22.4 ms). The offsets for the MC pulses were +175 Hz and −175 Hz from the water frequency for odd and even scans, respectively. In the phantom, also a MC‐STEAM spectrum was recorded with MC pulse offsets of +50 Hz and −50 Hz, for a more fair comparison with the VAPOR‐STEAM spectrum with a 100 Hz bandwidth for the VAPOR water suppression. Other scan parameters for the MRS measurements were as follows: spectral bandwidth = 4000 Hz, data points = 1024, *T* ~E~ = 10 ms, *T* ~M~ = 38 ms, *T* ~R~ = 2500 ms, *N* ~avg~ = 64/128 (phantom/liver). For the in vivo measurements, in each session both VAPOR‐STEAM and MC‐STEAM spectra were acquired once with free breathing and twice with synchronized breathing, resulting in six MRS measurements per session. For the measurements with synchronized breathing, the volunteers were instructed to synchronize their breathing with the sound of the applied sequence, such that acquisitions were performed in the exhaled state. The repeated measurements with synchronized breathing within each session (both for VAPOR‐STEAM and MC‐STEAM) were used to determine the intra‐session repeatability of the quantification of liver lipid content. For each subject, the whole scan protocol was repeated on two different days, approximately one week apart, to determine the inter‐session reproducibility. Care was taken to keep the positioning of the MRS voxel, which was guided by anatomical landmarks, as constant as possible between sessions.

2.2. MRS data processing and quantification {#nbm4343-sec-0008}
-------------------------------------------

The signals of the individual acquisitions (one per *T* ~R~) of the 24 channels (eight transmit‐receive fractionated dipole antennas and 16 receive loops) were individually phased and eddy current corrected before channel combination, frequency alignment and averaging, using an in‐house written MATLAB script. Eddy current correction of the VAPOR‐STEAM data was performed using the water reference scan. Channel combination was performed using the generalized least squares (GLS) algorithm,[^28^](#nbm4343-bib-0028){ref-type="ref"}, [^29^](#nbm4343-bib-0029){ref-type="ref"} using all averages for the MC‐STEAM scans or only the water reference scan for the VAPOR‐STEAM measurements to estimate the coil sensitivities. After channel combination, frequency alignment was performed based on frequency domain correlation.[^30^](#nbm4343-bib-0030){ref-type="ref"} For the MC‐STEAM spectra, correlations were calculated for the spectral region containing the water peak, while for the VAPOR‐STEAM spectra the spectral region to calculate the correlations included the lipid methyl signal (0.90 ppm) up to the signal from choline containing compounds (3.22 ppm). For the MC‐STEAM spectra, signals were separately averaged for the odd and even acquisitions, which were then summed and subtracted to yield the water and metabolite signals, respectively.

Spectra were fitted with the advanced method for accurate, robust and efficient spectral fitting (AMARES) in the jMRUI software package[^31^](#nbm4343-bib-0031){ref-type="ref"}, [^32^](#nbm4343-bib-0032){ref-type="ref"} without any further post‐processing, such as apodization or removal of the residual water signal from the metabolite spectra. In the water spectra, the water signal was fitted by a single Lorentzian line. In the metabolite spectra, the lipid resonances at 5.30 (olefinic methine, ‐C***H***=C***H***‐), 2.77 (diallylic methylene, ‐CH=CH‐C***H*** ~2~‐CH=CH‐), 2.24 (α‐carboxylic methylene, ‐C~α~ ***H*** ~2~‐COO‐), 2.02 (allylic methylene, ‐C***H*** ~2~‐CH=CH‐C***H*** ~2~‐), 1.62 (β‐carboxylic methylene, ‐C~β~ ***H*** ~2~‐CH~2~‐COO‐), 1.30 (methylene, (‐C***H*** ~2~‐)~*n*~) and 0.90 (methyl, ‐C***H*** ~3~) ppm and the signal from choline containing compounds (total choline, tCho) at 3.22 ppm were fitted by Lorentzian lines with equal linewidths. To make the fitting more robust, amplitudes of the α‐carboxylic methylene, β‐carboxylic methylene and methyl peaks at 2.24, 1.62 and 0.90 ppm were constrained to have ratios of 1:1:1.33, as theoretically predicted from the number of protons and the *T* ~1~ and *T* ~2~ relaxation time constants.[^22^](#nbm4343-bib-0022){ref-type="ref"} For the MC‐STEAM spectra, fitting of the olefinic methine peak at 5.3 ppm was omitted.

Liver lipid content was calculated as *L*/(*L* + *W*) × 100%, where *W* represents the amplitude of the water signal (in the time domain, corresponding to the integral in the frequency domain) and *L* the total amplitude of the following lipid signals: diallylic methylene, α‐carboxylic methylene, allylic methylene, β‐carboxylic methylene, methylene and methyl (2.77, 2.24, 2.02, 1.62, 1.30 and 0.90 ppm). Signals were corrected for *T* ~1~ and *T* ~2~ relaxation using the relaxation time constants as determined by Gajdošík et al.[^22^](#nbm4343-bib-0022){ref-type="ref"} The unsaturation index (UI) was calculated according to Johnson et al[^7^](#nbm4343-bib-0007){ref-type="ref"} as the ratio of the sum of the amplitudes of the diallylic and allylic methylene signals (2.77 and 2.02 ppm) to the sum of the amplitudes of the diallylic methylene, allylic methylene, methylene and methyl signals (2.77, 2.02, 1.30 and 0.90 ppm), corrected for *T* ~1~ and *T* ~2~ relaxation.

2.3. Statistical analysis {#nbm4343-sec-0009}
-------------------------

Data are presented as means ± standard deviation (SD). Statistical significance of differences in SNR and linewidth between reconstruction without and with frequency correction, measurements with free and synchronized breathing (using the first synchronized scans) and measurements with VAPOR‐STEAM and MC‐STEAM were assessed by applying a three‐way analysis of variance for repeated measures, followed by Bonferroni corrected post‐hoc tests using the IBM SPSS 25.0 statistical package (SPSS, Chicago, Illinois). Differences in liver lipid content between repeated measurements within one session and repeated measurements between two sessions were assessed using paired samples *t*‐tests. Statistical significance was set at *p* \< 0.05.

Comparisons of liver lipid content measured with free and synchronized breathing and with VAPOR‐STEAM and MC‐STEAM were made using Bland‐Altman analyses. Intra‐session and inter‐session variability of liver lipid content and intra‐session variability of UI were also assessed using Bland‐Altman analyses. Coefficients of repeatability/reproducibility (CRs) were calculated from the SD of the signed differences between two scans for each subject according to CR = 1.96 × SD. Coefficients of variation (CVs) were calculated as the SD of the differences divided by the mean. Correlation between UI and liver lipid content was assessed using Pearson\'s correlation.

3. RESULTS {#nbm4343-sec-0010}
==========

3.1. Phantom measurements {#nbm4343-sec-0011}
-------------------------

Figure [1A‐C](#nbm4343-fig-0001){ref-type="fig"} compares VAPOR‐STEAM and MC‐STEAM spectra recorded on the phantom with a lipid emulsion. Using MC‐STEAM, the subtraction of downfield and upfield inverted spectra led to a spectrum free of sidebands, with good water cancellation. However, the olefinic lipid signal, which is close to the water peak (5.3 ppm), could not clearly be observed in the MC‐STEAM spectrum with MC pulse offsets of +175 Hz and −175 Hz (Figure [1B](#nbm4343-fig-0001){ref-type="fig"}), which were also used for the in vivo measurements, whereas the (inverted) peak is clearly resolved in the MC‐STEAM spectrum with MC pulse offsets of +50 Hz and −50 Hz (Figure [1C](#nbm4343-fig-0001){ref-type="fig"}). The signal intensities of the other lipid resonances were comparable for VAPOR‐STEAM and MC‐STEAM. By varying the power for the asymmetric adiabatic MC inversion pulse, it was shown that a *B* ~1~ ^+^ above 15 μT in the ROI is required for complete inversion of the lipid methylene signal at 1.30 ppm and thus to obtain the full signal amplitude in the difference spectra (Figure [1D](#nbm4343-fig-0001){ref-type="fig"}). This condition was met for all in vivo measurements.

![A‐C, Spectra acquired in a phantom containing a lipid emulsion using a conventional STEAM sequence and VAPOR water suppression (A), and MC‐STEAM without water suppression (B, C). In B the offsets for the MC pulses were +175 Hz and −175 Hz from the water frequency for odd and even scans, respectively (in vivo settings), while in C the offsets for the MC pulses were +50 Hz and −50 Hz from the water frequency. All major lipid peaks in the upfield spectrum can be clearly identified within all spectra and are indicated in A. The olefinic lipid signal at 5.3 ppm, however, can only be distinguished clearly in the VAPOR‐STEAM spectrum (A) and in the MC‐STEAM spectrum with the smaller offsets (C; olefinic lipid signal has a 180° phase difference with the upfield signals). D, Lipid methylene signal amplitude (expressed as a percentage of the water signal) as a function of the *B* ~1~ ^+^ used for the MC pulses. A *B* ~1~ ^+^ above 15 μT in the ROI is required for complete inversion of the methylene signal and thus to obtain the full signal amplitude in the difference spectra](NBM-33-e4343-g001){#nbm4343-fig-0001}

3.2. In vivo measurements {#nbm4343-sec-0012}
-------------------------

Figure [2](#nbm4343-fig-0002){ref-type="fig"} shows an example of the voxel positioning for the in vivo liver measurements (see Figure [S1](#nbm4343-supitem-0001){ref-type="supplementary-material"} of the supporting material for voxel planning in all six subjects), as well as the results for the MC‐STEAM acquisition. In Figure [2B](#nbm4343-fig-0002){ref-type="fig"} the downfield and upfield inverted spectra (after individual phase correction, coil combination, frequency alignment and averaging) are separately displayed, showing an excellent efficiency of the MC inversion pulse. The sum of the downfield and upfield inverted spectra (Figure [2C](#nbm4343-fig-0002){ref-type="fig"}) shows a clean water spectrum, whereas the difference of the downfield and upfield inverted spectra (Figure [2D](#nbm4343-fig-0002){ref-type="fig"}) represents the metabolite spectrum.

![A, Example of voxel (15 × 15 × 20 mm^3^) positioning in the liver depicted on a transversal Dixon scan. The red voxel indicates the voxel positioning for the water frequency, while the white voxel indicates the shifted voxel for the lipid methylene frequency. B‐D, in vivo liver spectra from the voxel indicated in A using MC‐STEAM: B, the downfield (blue) and upfield (red) inverted spectra (after individual phase correction, coil combination, frequency alignment and averaging); C, the sum of the downfield and upfield inverted spectra (water spectrum); D, the difference (metabolite) spectrum](NBM-33-e4343-g002){#nbm4343-fig-0002}

Figure [3](#nbm4343-fig-0003){ref-type="fig"} compares VAPOR‐STEAM and MC‐STEAM spectra acquired in vivo in the liver from the voxel indicated in Figure [2A](#nbm4343-fig-0002){ref-type="fig"}, during both free breathing and synchronized breathing and reconstructed without and with frequency correction. The positive effect of both synchronized breathing and frequency correction on lineshape and linewidth can be clearly observed in the data sets of this volunteer. Figure [4](#nbm4343-fig-0004){ref-type="fig"} shows the same type of data for a different subject, with a 2.3‐fold lower liver lipid content as compared with the subject in Figure [3](#nbm4343-fig-0003){ref-type="fig"} (1.0% versus 2.3%). In this case, it is evident that frequency correction no longer leads to an improvement of the VAPOR‐STEAM spectra, and in fact leads to worse lineshapes, while for the MC‐STEAM spectra frequency alignment still leads to a significant enhancement of the spectral quality. For the subjects with a liver lipid content below 2%, frequency correction of the VAPOR‐STEAM spectra did not give optimal results in 54% of the cases, while the effect of frequency alignment of the water signal in the MC‐STEAM spectra on the metabolite difference spectra was satisfactory in all cases.

![Comparison of in vivo liver spectra from the voxel indicated in Figure [2A](#nbm4343-fig-0002){ref-type="fig"} (all in the same subject) recorded using VAPOR‐STEAM (left column) and MC‐STEAM (right column) with free breathing reconstructed without frequency correction (A, B) and with frequency correction (C, D), and with synchronized breathing reconstructed without frequency correction (E, F) and with frequency correction (G, H). Peak assignments are indicated in G and H. The peak at 3.22 ppm (not present in the phantom spectra) originates from tCho. Liver lipid content for this subject averaged over the different spectra was 2.3%](NBM-33-e4343-g003){#nbm4343-fig-0003}

![Comparison of in vivo liver spectra from another subject, with a lower liver lipid content as compared with the subject in Figure [3](#nbm4343-fig-0003){ref-type="fig"}, recorded using VAPOR‐STEAM (left column) and MC‐STEAM (right column) with free breathing reconstructed without frequency correction (A, B) and with frequency correction (C, D), and with synchronized breathing reconstructed without frequency correction (E, F) and with frequency correction (G, H). Liver lipid content for this subject averaged over the different spectra was 1.0%](NBM-33-e4343-g004){#nbm4343-fig-0004}

Figure [5](#nbm4343-fig-0005){ref-type="fig"} shows the quantification of the SNR of the lipid methylene peak (1.30 ppm) and the linewidth of the lipid peaks for all six subjects for both scan sessions. Frequency alignment did significantly improve the SNR for the data with free breathing, but not for synchronized breathing (Figure [5A](#nbm4343-fig-0005){ref-type="fig"}). SNR was not significantly different between the spectra measured with free and synchronized breathing or between the spectra acquired with VAPOR‐STEAM and MC‐STEAM. Linewidths became significantly smaller when frequency alignment was applied before averaging the individual acquisitions (Figure [5B](#nbm4343-fig-0005){ref-type="fig"}), for both the VAPOR‐STEAM and the MC‐STEAM scans and for both free breathing and synchronized breathing, although the effect was smaller for synchronized breathing. Linewidths also significantly improved with synchronized breathing as compared with free breathing, for both VAPOR‐STEAM and MC‐STEAM and both without and with frequency correction. However, with frequency alignment, the effect of synchronized breathing on the linewidths was less pronounced.

![Average SNR for the lipid methylene peak (1.30 ppm) (A) and linewidth (LW) of the fitted lipid peaks (B) for the six subjects for both scan sessions from acquisitions with VAPOR‐STEAM with free breathing (light blue) and synchronized breathing (dark blue), and MC‐STEAM with free breathing (light green) and synchronized breathing (dark green). Results are shown for data reconstructed without (uniform colored bars) and with (colored bars with black hatches) frequency correction. For both SNR and LW, there was no significant difference between VAPOR and MC, but there was a significant interaction between the effects of reconstruction without and with frequency correction and measurements with free and synchronized breathing (*p* = 0.04 and *p* = 0.03 for SNR and LW, respectively). The significance signs in the figure represent the results of the Bonferroni corrected post‐hoc tests for VAPOR and MC data taken together. \**p* \< 0.05, \*\**p* \< 0.01, both independent of measurement method (VAPOR or MC)](NBM-33-e4343-g005){#nbm4343-fig-0005}

For the remainder of the results, we only consider the data that were reconstructed with frequency correction. Figure [6](#nbm4343-fig-0006){ref-type="fig"} shows Bland‐Altman analyses for comparisons of liver lipid content between scans with free breathing and synchronized breathing acquired with VAPOR‐STEAM (A) and MC‐STEAM (B) and for comparisons between scans of VAPOR‐STEAM and MC‐STEAM obtained with free breathing (C) and synchronized breathing (D). The difference between free breathing and synchronized breathing acquisitions was smaller for MC‐STEAM than for VAPOR‐STEAM (CV = 8.3% versus 14.1%), but for both acquisition methods there were no significant differences in liver lipid content between free and synchronized breathing. The CV between VAPOR‐STEAM and MC‐STEAM was 14.4% for free breathing acquisitions and 20.0% for synchronized breathing acquisitions. Differences in lipid content between VAPOR‐STEAM and MC‐STEAM were not significant for either free or synchronized breathing.

![Bland‐Altman plots for comparisons of liver lipid content between scans with free breathing and synchronized breathing acquired with VAPOR‐STEAM (A) and MC‐STEAM (B) and for comparisons between scans with VAPOR‐STEAM and MC‐STEAM obtained with free breathing (C) and synchronized breathing (D). Spectra were reconstructed with frequency correction. The solid black line shows the bias from zero (thin black line) and the dashed black lines mark ±1.96 SD. A, Absolute bias = 0.04%, CR = 0.42%, CV = 14.1%; B, absolute bias = 0.05%, CR = 0.25%, CV = 8.3%; C, absolute bias = 0.02%, CR = 0.45%, CV = 14.4%; D, absolute bias = 0.06%, CR = 0.60%, CV = 20.0%](NBM-33-e4343-g006){#nbm4343-fig-0006}

3.3. Intra‐session repeatability {#nbm4343-sec-0013}
--------------------------------

For the acquisitions with synchronized breathing, the intra‐session repeatability of the quantification of liver lipid content was determined during both sessions (Figure [7](#nbm4343-fig-0007){ref-type="fig"}). Intra‐session variability was smaller for MC‐STEAM (CV = 9.6%) than for VAPOR‐STEAM (CV = 12.2%). Furthermore, for MC‐STEAM there was no bias from zero, while for VAPOR‐STEAM there was a small bias (absolute bias = 0.06%). For both methods, there were no significant differences in liver lipid content between repeated measurements in the same subject.

![Bland‐Altman plots of intra‐session variability in liver lipid content measured with VAPOR‐STEAM (A) and MC‐STEAM (B) with synchronized breathing. Spectra were reconstructed with frequency correction. The solid black line shows the bias from zero (thin black line) and the dashed black lines mark ±1.96 SD. A, Absolute bias = 0.06%, CR = 0.36%, CV = 12.2%; B, absolute bias = 0.00%, CR = 0.29%, CV = 9.6%](NBM-33-e4343-g007){#nbm4343-fig-0007}

3.4. Inter‐session reproducibility {#nbm4343-sec-0014}
----------------------------------

In addition, the inter‐session reproducibility of liver lipid content quantification was determined for both free breathing and synchronized breathing conditions ([Figure 8](#nbm4343-fig-0008){ref-type="fig"}). Inter‐session variability was smaller for MC‐STEAM (CV = 23.2% and 29.4% for free and synchronized breathing, respectively) than for VAPOR‐STEAM (CV = 37.1% and 39.5% for free and synchronized breathing, respectively) and was comparable for the scans with free and synchronized breathing. For both methods, there were no significant differences in liver lipid content between repeated measurements in the same subjects.

![Bland‐Altman plots of inter‐session variability in liver lipid content measured with VAPOR‐STEAM (A, C) and MC‐STEAM (B, D) with free breathing (A, B) and synchronized breathing (C, D). Spectra were reconstructed with frequency correction. The solid black line shows the bias from zero (thin black line) and the dashed black lines mark ±1.96 SD. A, Absolute bias = 0.01%, CR = 1.11%, CV = 37.1%; B, absolute bias = 0.12%, CR = 0.68%, CV = 23.2%; C, absolute bias = 0.06%, CR = 1.15%, CV = 39.5%; D, absolute bias = 0.09%, CR = 0.90%, CV = 29.4%](NBM-33-e4343-g008){#nbm4343-fig-0008}

3.5. Lipid unsaturation {#nbm4343-sec-0015}
-----------------------

For the acquisitions with synchronized breathing, the intra‐session repeatability of the quantification of the UI of hepatic lipids was determined during both sessions (Figure [9A, B](#nbm4343-fig-0009){ref-type="fig"}). Intra‐session variability was smaller for MC‐STEAM (CV = 17.2%) than for VAPOR‐STEAM (CV = 51.7%). Figure [9](#nbm4343-fig-0009){ref-type="fig"} also shows the relation between UI and the liver lipid content, as measured with VAPOR‐STEAM and MC‐STEAM with synchronized breathing (Figure [9C, D](#nbm4343-fig-0009){ref-type="fig"}). For MC‐STEAM, there was a negative linear correlation between UI and lipid content (*R* = −0.69, *p* = 0.01), whereas for VAPOR‐STEAM UI and lipid content were not significantly correlated (*p* = 0.24).

![A, B, Bland‐Altman plots of intra‐session variability in UI of hepatic lipids measured with VAPOR‐STEAM (A) and MC‐STEAM (B) with synchronized breathing. Spectra were reconstructed with frequency correction. The solid black line shows the bias from zero (thin black line) and the dashed black lines mark ±1.96 SD. A, Absolute bias = 0.00, CR = 0.15, CV = 51.7%; B, absolute bias = 0.00, CR = 0.06, CV = 17.2%. C, D, UI versus liver lipid content for the six subjects for both scan sessions. Data were measured with VAPOR‐STEAM (C) and MC‐STEAM (D) with synchronized breathing, and results of the two measurements acquired during one session were averaged. With MC‐STEAM a significant negative correlation was observed, while the data acquired with VAPOR‐STEAM did not indicate a clear relationship](NBM-33-e4343-g009){#nbm4343-fig-0009}

4. DISCUSSION {#nbm4343-sec-0016}
=============

In this study, the successful implementation of MC‐STEAM for liver ^1^H MRS on a 7 T parallel transmit system, using eight transmit‐receive fractionated dipole antennas with 16 additional, integrated receive loops was demonstrated, and the performance was compared with that of STEAM measurements using VAPOR water suppression. After phase and frequency correction of the individual acquisitions (before averaging), spectra acquired with free breathing were of similar quality to spectra from measurements during which the subjects synchronized their breathing with the acquisitions. Intra‐session repeatability and inter‐session reproducibility of liver lipid quantification were better for MC‐STEAM than for VAPOR‐STEAM. These effects may be explained by the more robust phase and frequency correction of the individual MC‐STEAM acquisitions as compared with the VAPOR‐STEAM acquisitions, for which the low‐SNR lipid signals had to be used for these corrections.

To date, at 7 T, liver ^1^H MRS has only been applied using a relatively small surface coil for both transmit and receive.[^12^](#nbm4343-bib-0012){ref-type="ref"}, [^22^](#nbm4343-bib-0022){ref-type="ref"} Such a setup suffers from large *B* ~1~ inhomogeneities, and penetration depth is very limited. By using eight transmit‐receive fractionated dipole antennas with 16 additional, integrated receive loops on a parallel transmit system and by applying RF phase shimming, we obtained high‐quality images in which the whole liver anatomy was clearly visible (Figure [2A](#nbm4343-fig-0002){ref-type="fig"}). This provided more freedom for and a better definition of the positioning of the MRS voxel (see Figure [S1](#nbm4343-supitem-0001){ref-type="supplementary-material"} of the supporting material for Dixon scans and voxel planning in all six subjects). For the MC‐STEAM spectra, adding the signals from the 16 receive loops increased the SNR by a factor of 1.9 on average as compared with using the signals from the eight dipole antennas only (Figure [S2](#nbm4343-supitem-0001){ref-type="supplementary-material"} of the supporting material), which is in good correspondence with previous MRI data with this setup.[^14^](#nbm4343-bib-0014){ref-type="ref"}

In the previously reported study, Gajdošík et al presented an elegant approach to acquire ultrashort‐*T* ~E~ STEAM ^1^H MR spectra in the liver at 7 T without water suppression, with switching of the spoiler gradients for sideband reduction.[^12^](#nbm4343-bib-0012){ref-type="ref"} The water resonance was removed from the lipid spectra during post‐processing, which involved fitting of the water resonance by multiple Lorentzian lines which were subsequently subtracted from the spectra. During an MC measurement, the water signal is also retained, allowing for robust phase and frequency correction. Subtraction of downfield and upfield inverted spectra leads to a spectrum in which most of the water signal is canceled out and which is also free of gradient induced modulation sidebands. As such, MC presents an alternative method for non‐water‐suppressed liver ^1^H MRS as compared with the approach presented by Gajdošík et al. However, the in vivo MC‐STEAM difference spectra did not resolve the olefinic lipid signal at 5.3 ppm, while this signal could readily be detected in most in vivo VAPOR‐STEAM spectra. The culprit for this was the larger bandwidth of the frequency range untouched by the MC pulses of 350 Hz compared with the VAPOR water suppression bandwidth of 200 Hz for the in vivo measurements. We refrained from reducing the bandwidth of the non‐inverted frequency range in the in vivo MC experiments, since it is important not to affect the water signal by the MC pulses, if the water signal is to be used for phase and frequency corrections and for quantification. In phantom measurements, reducing the bandwidth of the non‐inverted frequency range from 350 Hz to 100 Hz resolved the olefinic lipid signal (Figure [1B,C](#nbm4343-fig-0001){ref-type="fig"}), but also reduced the water signal amplitude by 13%. In the presence of frequency shifts due to motion, reducing the bandwidth of the non‐inverted frequency range will likely lead to even greater reductions in water signal amplitude. Another reason not to shift the offsets for the MC pulses closer to the water frequency is that it would increase the required *B* ~1~ ^+^ for full inversion of the lipid methylene peak (which was 15 μT for an offset of 175 Hz), which may not be achieved in all cases. Moreover, even though the olefinic lipid signal could be detected in most VAPOR‐STEAM spectra, phantom measurements using the same water suppression bandwidth (200 Hz) as in the in vivo experiments showed that the olefinic peak amplitude was 23% lower and thus partially suppressed as compared with a VAPOR bandwidth of 100 Hz. Therefore, we decided not to use the olefinic lipid signal for quantification.

While the simultaneous acquisition of both water and metabolite signals is an advantage of MC, it also presents a limitation. When water and metabolite signals are acquired in separate acquisitions, the frequency offset is typically adjusted between the two scans to minimize the chemical shift displacement error (CSDE) between water and the metabolite of interest. With MC, this is not possible and the resulting CSDE between the voxel positioning for the water and lipid frequencies (Figure [2A](#nbm4343-fig-0002){ref-type="fig"}) could therefore potentially compromise the quantification of the lipid signals with respect to the water signal. However, during voxel planning we took the CSDE into account and we assumed that the liver tissue composition across the area covering the voxels at the water and lipid methylene frequencies was homogeneous enough to allow for meaningful quantification of the results.

For the MC‐STEAM acquisitions, the robust phase and frequency correction of individual acquisitions using the water signal resulted in spectra with similar SNR and linewidths for measurements with free breathing and measurements with synchronized breathing. The variability between liver lipid content determined from MC‐STEAM spectra measured with free and synchronized breathing (CV = 8.3%) was in fact comparable to the intra‐session variability with synchronized breathing (CV = 9.6%). The voxel that we used for the MRS measurements was rather small (15 × 15 × 20 mm^3^) and was surrounded by homogeneous liver tissue. Therefore, even in the case of motion, the voxel was likely still within liver tissue. It should be noted though that the possibility of not quite homogenously distributed lipids and lipid compositions within the liver will influence the measurement uncertainty introduced by subject motion during the measurement. Obviously, in smaller and/or less homogeneous organs, motion could lead to inaccurate results and synchronized breathing or some sort of gating would be required. Nonetheless, the finding that, in the liver, MC‐STEAM with free breathing performs equally well as MC‐STEAM with synchronized breathing indicates that MC‐STEAM does not require synchronization with respiratory motion, and that the robust phase and frequency correction enabled by MC is able to compensate for additional measurement uncertainties introduced by subject motion. Especially in clinical settings, where patients may struggle with holding their breath or breathing in a very controlled way throughout the rather lengthy MRS measurements, this is very useful. In the studies of Gajdošík et al, volunteers were placed on the surface coil in a right lateral position to minimize abdominal motion and instructed to breathe flatly and regularly.[^12^](#nbm4343-bib-0012){ref-type="ref"}, [^22^](#nbm4343-bib-0022){ref-type="ref"} While this approach proved to be feasible in a number of patient studies,[^33^](#nbm4343-bib-0033){ref-type="ref"}, [^34^](#nbm4343-bib-0034){ref-type="ref"} it may not be possible in all patients, as exemplified in another study, where some volunteers had to be scanned in a supine position because of space restrictions.[^35^](#nbm4343-bib-0035){ref-type="ref"} The use of a respiratory belt or navigator for real‐time or retrospective respiratory gating is also not without problems (eg loss of signal from respiratory belt or low‐quality navigator signal because of *B* ~0~ and *B* ~1~ inhomogeneities, especially at high field) and leads to increased scan times.[^36^](#nbm4343-bib-0036){ref-type="ref"}

For the VAPOR‐STEAM spectra, the performance of the frequency correction was not optimal in 54% of the data sets for subjects with liver lipid contents lower than 2%, even though this was not directly apparent from the SNR and linewidth figures. The variability between liver lipid content measured with free and synchronized breathing was higher for VAPOR‐STEAM (CV = 14.1%) than for MC‐STEAM (CV = 8.3%). Also, the intra‐session variability for liver lipid content quantification with VAPOR‐STEAM with synchronized breathing (CV = 12.2%) was slightly higher than for MC‐STEAM with synchronized breathing (CV = 9.6%) and the intra‐session variability of UI was much larger for VAPOR‐STEAM (CV = 51.7%) than for MC‐STEAM (CV = 17.2%). These higher variabilities could likely be explained by less robust phase and frequency corrections in the case of VAPOR‐STEAM, due to the low SNR of the lipid signals in the individual acquisitions. However, liver lipid content as determined by VAPOR‐STEAM and MC‐STEAM over all measurements did not significantly differ.

The inter‐session variability of liver lipid content quantification was better for MC‐STEAM (CV = 23.2% and 29.4% for free and synchronized breathing, respectively) than for VAPOR‐STEAM (CV = 37.1% and 39.5% for free and synchronized breathing, respectively), but was relatively poor as compared with previous studies (CV \< 10%).[^7^](#nbm4343-bib-0007){ref-type="ref"}, [^10^](#nbm4343-bib-0010){ref-type="ref"}, [^12^](#nbm4343-bib-0012){ref-type="ref"}, [^37^](#nbm4343-bib-0037){ref-type="ref"}, [^38^](#nbm4343-bib-0038){ref-type="ref"} However, in most of those studies[^7^](#nbm4343-bib-0007){ref-type="ref"}, [^10^](#nbm4343-bib-0010){ref-type="ref"}, [^12^](#nbm4343-bib-0012){ref-type="ref"}, [^37^](#nbm4343-bib-0037){ref-type="ref"} variability was determined on the same day, and all of them included obese subjects with fatty livers. In the present study, subjects were scanned twice on two separate days, approximately one week apart, and all subjects had liver lipid contents lower than 4%. Therefore small absolute differences can already result in large relative differences, and part of the inter‐session variability in the current study may also be explained by real, biological differences in liver lipid content between the two sessions, because conditions such as nutrition and physical activity were not standardized. This is corroborated by a previous study showing that the variability of liver lipid content over one month was significantly greater than the within‐day reproducibility (CV = 44% versus 7% in subjects without diabetes).[^39^](#nbm4343-bib-0039){ref-type="ref"} Moreover, it has been demonstrated that both diet and exercise affect liver lipid content.[^40^](#nbm4343-bib-0040){ref-type="ref"}, [^41^](#nbm4343-bib-0041){ref-type="ref"}

The UI of hepatic lipids, as determined from the MC‐STEAM measurements, was found to be negatively correlated with liver lipid content, even though the liver lipid contents of our subjects all fall in a very narrow range. This is in agreement with previous findings that UI decreases with liver lipid content in NAFLD patients[^5^](#nbm4343-bib-0005){ref-type="ref"}, [^42^](#nbm4343-bib-0042){ref-type="ref"} and in healthy subjects with a broad range of liver lipid contents,[^12^](#nbm4343-bib-0012){ref-type="ref"} and extends the relationship also to the regime of very low liver lipid contents.

In conclusion, non‐water‐suppressed MC‐STEAM on a 7 T system with parallel transmit is a promising approach for ^1^H MRS applications in the body that are affected by motion, such as in the liver. Robust phase and frequency correction of individual acquisitions before averaging, enabled by the preserved water signal in MC‐STEAM, yields better repeatability and reproducibility compared with water‐suppressed measurements.
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**Figure S1:** Voxel (15 × 15 × 20 mm^3^) positioning for liver MRS on transversal DIXON scans for all 6 subjects. The red/orange voxel indicates the voxel positioning for the water frequency, the white voxel indicates the shifted voxel for the lipid methylene frequency, and the orange/green voxel was used for F~0~ determination. Note, that the DIXON scans were acquired after B~1~ shimming for the approximate target region of the MRS voxel, leading to some of the very pronounced signal drop outs in other regions. Despite this, the images demonstrate the good visibility of the whole liver and the flexibility for voxel positioning.

**Figure S2:** Signal‐to‐noise ratio (SNR) for the lipid methylene peak (1.30 ppm) using the signals from (A) both the 8 dipole antennas and the 16 receive loops or (B) only the 8 dipole antennas. Data were averaged over the 6 subjects for both scan sessions from acquisitions with VAPOR‐STEAM with free breathing (light blue) and synchronized breathing (dark blue), and MC‐STEAM with free breathing (light green) and synchronized breathing (dark green). Results are shown for data reconstructed without (uniform colored bars) and with (colored bars with black hatches) frequency correction.

###### 

Click here for additional data file.
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